Sweating, the intermittent secretion of uid from the sweat glands, is an indispensable mechanism for the regulation of body temperature. The methods used to measure the sweat rate include an iodine starch test, a weight assay, and an ion electric conductivity method. The ventilation capsule method is another method for quanti cation of sweat rate. However, this method has a problem in that the subject s physical activity is restricted by the rmly attached measurement probes. SNT-200, a wearable sweat meter developed by Rousette Strategy Inc., is already commercially available. This sweat meter contains silica gel that serves as an absorbent for sudoriferous steam and uses a temperature-humidity sensor to detect humidity changes in the device caused by sweating. However, the accuracy of the measurement has not yet been suf ciently investigated. This study was designed to provide evidence to validate the underlying measurement principle and accuracy of the device. We simulated various sweating conditions and performed simulated sweating measurements using SNT-200. In the rst experiment, continuous sweating over a wide body surface was simulated. The calculated absorbed steam volume was 1.84 times greater than the real transpiration rate. In the second experiment, sweating was simulated in the form of water drops, and the sweat meter absorbed the generated steam. In the second experiment, the data obtained using SNT-200 was in good accord with the volume dispensed by a micropipette. These experiments provided convincing evidence that the total area of four steam holes (A1, in the equation for calculating the sweat rate) required correction. We therefore modeled the effective absorption area of the sweat meter as one circle encompassing the four holes (8 mm in diameter; 52 mm 2 ) instead of a summation of the areas of four steam holes. De ning the effective absorption area by this method modi ed the value calculated in the rst experiment, which agreed with the transpiration rate. In addition, the modi ed moisture absorption volume in the sweat meter converged within ± 20% error of the actual measurement, except at 30 C.
Introduction
Sweating is one of the indispensable mechanisms for the regulation of body temperature, and is stimulated not only by exercising but also by variations in tension and stress [1, 2] . Sweat is secreted in pulses by the sweat glands [3, 4] . Measurement of the sweat rate provides important information with which to evaluate the human physiological condition related to daily activities. The iodine starch test and the weight assay are commonly used to measure the sweat rate, but these methods are restricted to research laboratories and are therefore inconvenient [5] . The ion electric conductivity method can record successive measurements of sweating phenomena as well as the activity of single sweat glands [6] [7] [8] . In recent years, the ventilation capsule method has become widely used to quantify the sweat rate. In this method, dry air is supplied to the ventilation capsule, and the sweat rate is calculated by measuring the humidity change caused by sweating [9] . The problem with these methods is that they restrict the activities of subjects. Most methods require rm attachment of probes for air or liquid supply tubes to the body surface. Therefore, the subjects cannot move freely during the test.
The purpose of this study was to verify various parameters used in the underlying measurement principle of the SNT-200 sweat meter, which is a wearable sweat meter that measures the sweat rate using a temperature-humidity sensor with a superior response speed. This device was developed by Rousette Strategy Inc. and is already commercially available. In addition, the principle of this device and the calculation method of the sweat rate are described in the Japanese Patent Application Publication No. 2012-85983. We have been using the SNT-200 to measure the rate of sweating during daily life and exercise, but the measurement accuracy has not been thoroughly investigated. This study aims to provide evidence to validate the underlying measurement principle of this sweat meter by performing various simulated experiments together with the developers. This paper describes new ndings that are not included in the patent information.
Methods

2.1
Principle of the measurement device 2.1.1 Principle and structure of the sweat meter SNT-200 absorbs sudoriferous steam using an enclosed absorbent, silica gel. The measurement mechanism in this device is shown in Fig. 1 . The sudoriferous steam is sensed by the temperature-humidity sensor, (SHT21; Sensirion AG) after passing through four holes (each 3 mm in diameter) located at the bottom of the sweat meter, and is nally absorbed by the silica gel. Subsequently, the sweat rate is calculated using equation 1 as shown below. Figure 2 shows the details of the SNT-200 sweat meter. The outer diameter and height of this device are 33 and 20 mm, respectively. The temperature-humidity sensor is located at the center of the base plate, and has eight holes (2.5 mm in diameter). The signal from the temperature-humidity sensor at each sampling time (spaced 0.5, 1, 2, or 5 s apart) is saved on the microcomputer. This device is able to record serial signals for up to 4.4 h in the ash memory (512 kByte) when the sampling time is 1 s. Various settings are controlled by a personal computer. When used for online measurement, the sweat meter is connected to a personal computer to evaluate the sweat rate in real time, as is displayed on the personal computer. In this study, the sampling time of all measurements was 1 s.
Calculating the sweat rate
The sweat rate is expressed as uid volume per unit area per unit time (g m −2 min
−1
). In contrast, the data obtained in the sweat meter are expressed as the uid volume per unit volume (g m
−3
). These units are associated based on the following hypotheses.
Let us assume that the steam enters the sensor unit through the four holes at the bottom of the sweat meter via a simple diffusion process and is nally absorbed by the silica gel. The diffusion of steam is inversely proportional to distance and directly proportional to concentration; that is, absolute humidity. The change in steam volume inside the sensor unit per unit time is considered to be the difference between the in ow to the sensor unit and the out ow to the silica gel.
Based on these assumptions, the relative expression can be de ned as follows: ); L is the diffusion length from the sensor unit to the absorbent unit (mm), x(t) is the absolute humidity inside the sweat meter (in g m ); and Δt is the minimal step value used to measure the velocity of sweating and corresponds to the sampling time of 1 s in this study.
Because the absolute value of the humidity is invariant when suf cient absorbent is placed in the sweat meter, the sweat rate can be calculated using equation 2. [10, 11] . For detecting the true moisture absorption volume, all experiments were initiated after balancing the humidity in the sweat meter. To correct the initial value of w(t) to 0, the initial moisture absorption data was subtracted from the measured data.
Experiments 2.2.1 Experiment with baseline condition of the sweat meter
(experiment 1) All experiments were started after operating the sweat meter for more than 10 min. This was done to ensure the stability of the temperature-humidity sensor and to balance the humidity in the sweat meter through the effect of the silica gel. As shown in equation 2, the equilibrium humidity is used as the initial humidity value (0) in the sweat meter. After being heated twice for 2 min each, the silica gel was dispensed into the sweat meter, and humidity of the device was measured for 1.5 h under sealed condition.
Measurement of simulated continuous sweating (experiment 2)
To simulate widespread continuous sweating on the body surface, a plastic bottle (cross-section, 33 cm 2 ; depth, 34 mm; water volume, 20 mL) attached to a melamine cover was heated on a hot plate. The steam generated spread uniformly from the bottle. The heating temperature of the hot plate was maintained at six different levels from 30 to 80 C in 10 C steps. In the experiment, the sweat meter was placed on the center of the melamine cover and absorbed the generated steam. In addition, the changes in water volume in the plastic bottle were measured using an electronic balance at 5-min intervals. After 2 h of measurement, the data obtained by the sweat meter were compared with the data obtained by measuring the volume change with the electronic balance.
Measurement of simulated mild sweating (experiment 3)
Sweat is secreted in pulses from each single sweat gland in the skin [3, 4] . For the purpose of simulating the secretion of sweat drops from sweat glands, a single drop of water was delivered onto a hot plate maintained at 50 C, and the vaporized steam was absorbed by the sweat meter (as shown in Fig. 3) . The sweat meter was placed on a circular rubber sheet (3-mm thick) with a hollow center and a cut segment to ensure good air circulation. Single drops of water of different volumes (1, 2, 5, 10, and 15 μL) were dropped individually into the center hole of the rubber sheet, and each trial was performed ve times. The volume of the drop was compared with the data obtained by the sweat meter.
Measurement of the absorption range in the sweat meter (experiment 4)
Although various experiments were performed, we speculated that the absorption range of the sweat meter was probably wider than the total area of the four holes at the bottom, which was dened in equation 2. To prove this hypothesis, an experiment was conducted in which a 2-µL water drop was delivered to the center of a circle 6 mm in diameter inscribed on a hot plate maintained at 50 C. The sweat meter absorbed the steam that was generated in the same manner as in experiment 3. Next, we placed a drop of water of the same volume at a position 11 mm away from the center of the circle and absorbed the generated steam with the sweat meter. The experiment was also performed at positions 16 mm and 21 mm from the center of the circle. The details of dropping points are shown in Fig. 3. 
Results
Experiment 1
After the heated silica gel was dispensed into the sweat meter, the relative humidity inside the device decreased until it reached approximately 20%, as shown in Fig. 4. Figure 5 shows the results recorded during continuous steam generation by heating a plastic bottle on a 60 C hot plate. The relative humidity (HmR, %), absolute humidity (HmA, g m ] are displayed. The w(t) was calculated from HmR, HmA and Tmp using equation 1. As shown in Fig. 5 , the values of these four parameters increased with heating. The time courses were in the form of S-curves that reached nal constant values 1 h after starting measurement. ) obtained using the electronic balance. The Y-axis shows the corrected moisture absorption volume, w(t) (mg cm
Experiment 2
) obtained using the sweat meter. Each group of points represents the results obtained at each heating temperature from 30 to 80 C. Each point is the average obtained over a 5-min period during the plateau from 1 to 2 h after the start of heating. The calculated data using the sweat meter was in almost complete accord with the transpiration rate determined using the electronic balance, with high correlation between the two measurement techniques (r = 0.96). In addition, the corrected moisture absorption volume obtained by the sweat meter converged to within ± 20% of the measured value, except at 30 C. The data from this experiment are summarized in Table 1 . Figure 8 shows the transpiration rate obtained by placing a drop of water on a hot plate at 50 C. The X axis shows the volumes (1, 2, 5, 10, and 15 μL) delivered by a micropipette. The Y axis shows the moisture absorption volume (mg) obtained using the sweat meter. The mean (± standard deviation) moisture absorption volumes obtained using the sweat meter for the ve different dropping volumes were 1.27 (± 0.18), 2.10 (± 0.22), 6 .05 (± 0.50), 10.81 (± 1.46), and 14.36 (± 1.61) mg, respectively. As is clear from this gure, the data obtained using the sweat meter was in almost complete accord with the volume dispensed by the micropipette. The relationship was linear (r ≥ 0.97). Figure 9 shows a plot of the moisture absorption volume obtained using the sweat meter against the change in dropping position. Pulse 1 represents the absorption when the water drop was placed at the center of the 6-mm circle. Similarly, pulses 2-4 represent the absorption when the water drops were placed 11, 16, and 21 mm, respectively from the center of the circle. As is clear from these results, the peak of the pulse gradually decreased and the absorption time expanded gradually when the dropping position was more remote from the center of the circle. The measured moisture absorption volumes were almost the same as the volumes dispensed by the micropipette. 
Experiment 3
Experiment 4
Discussion
The purpose of this study was to provide evidence to validate various parameters used in the underlying measurement principle of the SNT-200 sweat meter, which is a wearable meter that measures the sweat rate using a temperature-humidity sensor with a superior response speed. Sweating is a physiologic phenomenon that generates moisture on various regions of the body surface [1, 2] . During the experimental study based on the pulsed sweat secretion model (experiment 3), the calculated values are in good accord with the volumes dispensed by the micropipette. On the other hand, in experiment 2, we assumed a sweating model in which sweat is generated over a wide area, and the spreading steam is absorbed uniformly by the sweat meter. Under these conditions, the moisture absorption volume obtained using the sweat meter was 1.84 times higher than the transpiration rate. The major evidence obtained from these experiments is that the total area of the four steam holes (A1 in the equation for calculating the sweat rate) required correction. To address this issue, we de ned the effective absorption area (52 mm 2 ; 1.84 times for the original A1) as one circle (8 mm in diameter) that encompasses the four steam holes (shown in Fig. 10) . Assuming that the steam generated between the neighboring steam holes is also absorbed, this effective absorption area would be considered the appropriate size. As a result of using this effective absorption area, the w(t) obtained in experiment 2 was almost in complete accord with the transpiration rate, with high correlation between the two measurement techniques (r = 0.96) (shown in Fig. 7) .
The moisture absorption volume (mg) in experiment 3 was calculated as the product of the effective area and w(t), because the sweat rate w(t) is the moisture absorption volume per unit area. As already mentioned, if A1 is replaced with the assumed effective area of approximately 52 mm 2 , the moisture absorption volume (mg) would not change because A1 in equation 2 will also be converted to the same effective area. Thus, it was concluded that the moisture absorption volume (mg) is not in uenced by the area of steam holes.
The calculated value is not the true value of the sweat rate. Correction is needed because the sweat meter absorbs atmospheric steam other than the vaporized steam. As already mentioned, the experiments were performed after operating the sweat meter and leaving for 10 min to stabilize the temperature-humidity sensor to obtain balanced humidity in this device. The baseline data obtained for the initial 10 min were recorded as the atmospheric steam absorbed by the sweat meter. These data were used to correct the calculated sweat rate. In fact, it was necessary to wait for over 30 min before the humidity in the sweat meter reached a state of balance (as shown in Fig. 4) . Therefore, we suggest that measurement should begin after operating the sweat meter for more than 30 min. When accurate measurement of sweat rate is needed, correction of the calculated sweat rate is required.
Conclusion
In this study, we created models for continuous sweat secretion and pulsatile sweat secretion, and generated various transpiration rates. Subsequently, we measured sweat rates with the sweat meter. In the case of continuous sweating, the data obtained using the sweat meter was 1.84 times greater than the actual transpiration rate. Based on this result, we assumed the effective absorption area of the sweat meter as one circle encompassing the four steam holes (8 mm in diameter; 52 mm 2 ) instead of the sum of the four steam holes (28 mm 2 ). The sweat meter and its application have some issues (such as the effective total area and correction of atmospheric steam) regarding calculation of the sweat rate. However, this device is compact in size and practical. Therefore, it is useful for measuring sweating in daily life and during exercise. Experiments comparing this meter with other high precision devices such as the restriction type would be useful to verify the accuracy of the device on human skin surface.
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